Background-Cognitive deficits that persist up to a month have been detected among adult marijuana users, but decrements and their pattern of recovery are less known in adolescent users. Previously, we reported cognitive deficits among adolescent marijuana users after one month of abstinence (Medina, Hanson, Schweinsburg, Cohen-Zion, Nagel, & Tapert, 2007) . In this longitudinal study, we characterized neurocognitive changes among marijuana-using adolescents across the first three weeks of abstinence.
Introduction
Marijuana is the most frequently used illicit drug among adolescents in the United States (Johnston, O'Malley, Bachman, & Schulenberg, 2009) . In 2008, 43% of high school seniors reported having tried marijuana, 19% used in the past month, and 5% endorsed daily use (Johnston et al., 2009) . Of individuals who initiated marijuana use before age 15, 14% went on to meet criteria for drug abuse or dependence during adulthood (Substance Abuse and Mental Health Services Administration, 2009). Because adolescence is a period of significant neurodevelopment (Giedd et al., 1996; Sowell et al., 2002) , the neurocognitive effects of marijuana use are a concern (Ehrenreich et al., 1999; Pope et al., 2003; Wilson et al., 2000) .
Marijuana use during adulthood has known effects on cognition. For example, acute marijuana intoxication may interfere with time estimation, suggesting a "speeding up of an internal clock" (Chait & Pierri, 1992; Jones & Stone, 1970; Lieving et al., 2006; Perez-Reyes et al., 1991) . Within several hours to days since last use, heavy marijuana users have shown decrements in attention, memory, executive function, time estimation, and psychomotor speed (Pope & Yurgelun-Todd, 1996; Solowij et al., 2002; Varma et al., 1988) . A meta-analysis found selective deficits in learning and memory among chronic users with a range of abstinence while other cognitive domains appeared unaffected (Grant et al., 2003) . Others suggested that executive function, motor speed, and manual dexterity deficits may persist after a month of abstinence among heavy users (Bolla et al., 2002) . In general, most deficits related to marijuana use seem to be temporary, and cognition may improve with sustained abstinence of at least a week (Pope et al., 2002; Pope et al., 2001) . When deficits are found, they tend to be doserelated (Bolla et al., 2002) and may relate to the age of onset of cannabis use (Ehrenreich et al., 1999) .
However, adult research may not generalize to adolescents, as significant neuromaturation occurs until early adulthood (Giedd et al., 1996; Sowell et al., 2002) . Specifically, gray matter volume peaks in early childhood and decreases thereafter (Pfefferbaum et al., 1994) , largely due to synaptic pruning (Huttenlocher, 1990) . Gray matter in more basic sensorimotor areas matures earlier than in areas requiring more complex cognitive functions, such as the prefrontal cortex and lateral temporal lobes, which appear to reach maturity during late adolescence or young adulthood (Gogtay et al., 2004) . White matter development continues through the late 20s and possibly into middle adulthood as myelination increases (Benes et al., 1994; Jernigan & Gamst, 2005; Pfefferbaum et al., 1994) . Importantly, brain maturation during adolescence appears to mirror developments in cognition (Fryer et al., 2008; Nagel et al., 2005; Sowell et al., 2001) . Given the confluence of neuromaturational activity and drug use initiation, the potential impact of cannabis use on neuroanatomical and neurocognitive maturation is important to understand.
Thus far, the current literature suggests that adolescents have a heightened vulnerability to the effects of drug and alcohol use (Monti et al., 2005; Spear, 2000) . For example, chronic cannabis exposure in adolescent rats has long-lasting effects on learning and memory compared to similar exposure during adulthood (Cha et al., 2006; Schneider & Koch, 2003; Schneider et al., 2008; Stiglick & Kalant, 1982) , possibly due to fewer or less efficient synaptic connections in the hippocampus (Rubino et al., 2009 ). Both cognitive and brain imaging studies in humans suggest critical periods of development that may be impacted by marijuana use (Ehrenreich et al., 1999; Pope et al., 2003; Wilson et al., 2000) . Within several hours of intake, regular marijuana use in human adolescents or young adults (≥21 years old) appears to negatively affect learning, memory, attention, and spatial working memory (Fried et al., 2005; Harvey et al., 2007) . After at least three weeks of abstinence, memory, complex attention, psychomotor speed, and planning and sequencing decrements are evident among adolescent marijuana users (Medina, Hanson et al., 2007; Millsaps et al., 1994; Schwartz et al., 1989) . The effects of abstinence among youth are mixed, but poorer cognition is generally associated with heavier and more recent use (Fried et al., 2005) .
Marijuana use during adolescence may have neuroanatomical and functional consequences. Youth recently abstinent from marijuana and alcohol use have demonstrated abnormal associations between verbal learning and hippocampal asymmetry . Irregular activation patterns have been observed in multiple brain regions, including the frontal and temporal lobes, during spatial working memory despite similar task performance (Padula et al., 2007; Schweinsburg et al., 2008; Schweinsburg et al., 2005) . Marijuana users have also demonstrated aberrant brain activation patterns in posterior and frontoparietal regions while completing a verbal working memory task (Jacobsen et al., 2007) . Finally, increased parietal and dorsolateral prefrontal cortex activity has been observed during a response inhibition task . Collectively, these findings suggest that adolescent marijuana use may have detrimental anatomical and functional consequences in the brain, which may result in altered neural networks or compensatory mechanisms during cognitive tasks (Padula et al., 2007; Schweinsburg et al., 2008) .
Given that previous studies of adolescent marijuana users have not yet examined the neurocognitive recovery process following regular use, the current study monitored cognition throughout the first three weeks of abstinence from marijuana use. A brief neuropsychological battery, including measures of verbal learning, verbal working memory, visual attention, and time estimation, was administered an average of 3 days, 2 weeks, and 3 weeks after cessation of marijuana use. Based on previous findings, we hypothesized that marijuana users would perform worse than control teens on all measures (Medina, Hanson et al., 2007) , but that improvement would be seen over the follow-up period (Pope et al., 2001) . While the adult literature suggests that marijuana users may improve to the same level as controls with sustained abstinence (Pope et al., 2002; Pope et al., 2001) , the adolescent research to date suggests continued impairment after a month of non-use (Medina, Hanson et al., 2007; Millsaps et al., 1994; Schwartz et al., 1989) .
Methods

Participants
Adolescents were recruited from local high schools and colleges via distribution of flyers. Teens responded to the ad as an opportunity to earn money and participate in developmental research, without knowledge that the study examined marijuana use. No information regarding eligibility criteria was described in the flyer or discussed before screening. To assess eligibility, comprehensive screening measures were administered to adolescents and their parents/ guardians. Written informed assent (adolescent participant) and consent (adult participant and parent/legal guardian) were obtained prior to participation, in accordance with University of California, San Diego Human Research Protections Program procedures. Teens and their guardians were administered separate, detailed, structured clinical interviews assessing demographic and psychosocial functioning, Axis I psychiatric disorders, and substance use history. To facilitate open disclosure, parents and youths were interviewed by different research associates, and confidentiality was guaranteed within ethical and legal limits.
Inclusion criteria required that youth were fluent in English, and had a parent or legal guardian available to consent and provide medical and psychiatric history. Exclusionary criteria included history of DSM-IV (Diagnostic and Statistical Manual for Mental Disorders, 4th Ed.) (APA, 2000) Axis I disorder (other than substance use disorder) or use of psychoactive medications; history of chronic medical illness, neurological condition (e.g., meningitis, human immunodeficiency virus [HIV] ), or head trauma with loss of consciousness <2 min; significant prenatal alcohol (≥4 drinks in a day or ≥7 drinks in a week) or drug exposure; complicated delivery or premature birth (<33 weeks gestation); learning disability or mental retardation; first-degree relative with history of bipolar I or psychotic disorders; left-handedness; noncorrectable vision, colorblindness or hearing impairments; and substance use during the abstinence protocol.
The current study examined 40 adolescents (ages 15-19) who were classified into two groups: marijuana users (n = 19) and non-using controls (n = 21). Similar sample sizes in other studies of adolescent substance users yielded small effect sizes or p-values ranging from p<.05 to p = .001 in group comparisons (Hanson et al., in press; Jacobsen et al., 2007; . Therefore, we regard the current sample size as sufficient to detect group differences on behavioral tasks. Groups were similar in gender and racial composition, general intellectual ability (average to high average range), grades completed in school, grade point averages, and self-reported mood and anxiety scores (see Table 1 ). Classification criteria for the marijuana-using (MJ user) group included >200 lifetime marijuana use episodes, >4 past month marijuana episodes, <30 lifetime experiences with other drugs, and not meeting DSM-IV criteria for alcohol abuse or dependence. Controls had <5 lifetime experiences with marijuana, no previous use of any other drug except nicotine or alcohol, and did not meet DSM-IV criteria for abuse or dependence on alcohol or any drug (see Table 1 ). As expected, MJ users reported higher levels of marijuana, alcohol, and other drug use than controls. Several MJ users used marijuana the same day as the first testing session, and all had used within the two weeks prior to study initiation. All but one MJ user met DSM-IV criteria for marijuana abuse or dependence. Controls had very limited or no previous use of marijuana, cigarettes, or other recreational drugs and were lighter drinkers than MJ users.
Measures
2.2.1. Screening interview-The detailed screening interview included a structured clinical interview measuring psychosocial functioning, activities, estimated pubertal stage, last menstruation (for females), health history, and handedness. The computerized National Institutes of Mental Health Diagnostic Interview Schedule for Children Predictive Scales (Lucas et al., 2001; Shaffer et al., 2000) determined probable DSM-IV mood, anxiety, attention deficit hyperactivity disorder, and conduct disorders. Parallel modules of the computerized Diagnostic Interview Schedule (C-DIS-IV) (Robins et al., 1996) were used for 18-year-olds who lived independently. Family history of psychiatric and substance use disorders was also assessed (Rice et al., 1995) .
Substance use-Youth were administered the Customary Drinking and Drug Use
Record to assess lifetime and past 3-month use, withdrawal symptoms, DSM-IV abuse and dependence criteria, and substance-related life problems (Brown et al., 1998; Stewart & Brown, 1995) . The Timeline Followback (Sobell & Sobell, 1992 ) provided a detailed substance use pattern using a calendar format with temporal cues to aid recall. Teens were asked about their use of each of the following drugs: marijuana, alcohol, nicotine, stimulants (cocaine, amphetamine, methamphetamine, and methylenedioxymethamphetamine [MDMA]/ecstasy), opiates (heroin, narcotic pain relievers other than as prescribed), dissociatives/hallucinogens (phencyclidine [PCP] , mushrooms, lysergic acid diethylamide [LSD] , and ketamine), sedatives (GHB, barbiturates, and benzodiazepines), and misuse of other prescription or over-the-counter medications.
Parent interview-
A parent or guardian underwent a detailed screening interview, covering information on prenatal/infant development, childhood behavior, age of developmental milestones, parental socioeconomic status (SES) (Hollingshead, 1965) , family history of psychiatric and substance use disorders (Rice et al., 1995) , and youth and family medical and psychiatric history. Parents/guardians were also administered the parent version of the Diagnostic Interview Schedule for Children Predictive Scales to improve the reliability of the youth diagnostic reports.
2.2.4.
Mood-Youth were administered the Beck Depression Inventory (BDI) (Beck, 1978) and the Spielberger State-Trait Anxiety Inventory (STAI) (Spielberger et al., 1970) to assess mood and anxiety.
General intelligence-The
Wechsler Abbreviated Scale of Intelligence (WASI) (Wechsler, 1999) Vocabulary subtest was used as a brief measure of general intellectual ability.
2.2.6. Neuropsychological battery-A brief battery of neuropsychological (NP) tests was administered to participants at three time points spaced throughout the first three weeks of a monitored abstinence period. Verbal learning was assessed with the Hopkins Verbal Learning Test-Revised (HVLT-R) (Brandt & Benedict, 2001) . A list of 12 words was read aloud and the participant was instructed to recite as many words as possible. The list was presented three times. To reduce practice effects, alternate word lists were presented at each NP session. The number of words correctly recalled at each learning trial and the total words recalled across all three trials were tabulated. Visual attention was assessed with Ruff 2 & 7 (Ruff & Allen, 1996) , a visual search and cancellation task that measures both sustained attention (consistency of performance across time) and selective attention (accurately detecting stimuli among distractors). The participant was instructed to place a slash through each '2' and '7' embedded among either letters (10 automatic detection trials) or numbers (10 controlled search trials). For each trial, the correct hits and errors were tabulated and used to determine speed scores (total targets correctly identified [hits]; speed of processing T-score) and accuracy scores (number of hits in relation to number of possible hits; total accuracy T-score). Verbal working memory was estimated with the Letter-Number Sequencing subtest from the Wechsler Adult Intelligence Scale-3rd Edition (WAIS-III) (Wechsler, 1997) . This subtest measured verbal attention and working memory. Participants were verbally presented with a series of randomly ordered numbers and letters (e.g., R-3-J-8-T-5), and they were asked to first say the numbers in numerical order and then the letters in alphabetical order (e.g., 3-5-8-J-R-T). The first trials contained only two digits (one number and one letter) and the number of digits presented increased throughout the test until two trials at the same level were failed. Age-corrected scaled scores were used for data analysis. Time estimation (Benton et al., 1964) was assessed by asking participants to estimate when one minute had elapsed. The examiner recorded the number of seconds elapsed when the participant indicated that 60 s was up. All 19 MJ users completed the four NP tests. All 21 non-using controls completed the HVLT-R and Ruff 2 & 7, but only 13 controls completed the Letter-Number Sequencing and Time Estimation tasks.
Procedures
Adolescents who remained eligible after screening interviews began a monitored abstinence protocol. Youth were asked to abstain from all alcohol and drug use, monitored with serial supervised urine (Quest Diagnostics) and breath samples (Intoximeter, St. Louis, MO) every 3-4 days for the duration of the protocol. Serial tetrahydrocannabinol (THC) metabolite data were normed to creatinine and evaluated based on Smith et al. (2009) . Of MJ-using youth who initiated monitored abstinence, 71% had data suggesting compliance with the abstinence protocol (non-compliers not described here).
The NP tests were administered by trained research associates on three occasions over three weeks of abstinence, which reflected an average of 2.7, 13.3, and 21.0 days of abstinence from marijuana. As part of the larger study, all participants received an evaluation between the 23rd and 27th day of abstinence including mood questionnaires and interviews. Upon completion of the study, youth and parents/guardians received financial compensation for participation.
Data analysis
Fisher's Exact Tests compared categorical variables between groups, and analysis of variance (ANOVA) examined group differences on continuous measures. Some alcohol and drug use variables did not meet the requirements for parametric analysis; therefore the Mann-Whitney procedure compared these characteristics between groups. T-scores for the HVLT-R were calculated based on the control group (i.e., the mean of the control group was T = 50 across the three time points). Because MJ users were approximately 8 months older than controls, on average (p = .013), age was controlled in analyses. Marijuana users had slightly, though nonsignificantly, higher parental SES than controls. Because SES may influence neuropsychological performance (Farah et al., 2007) , Hollingshead SES scores were entered as a second covariate.
Repeated measures analysis of covariance (ANCOVA) compared groups on each NP measure across the three testing time points, controlling for age and SES. When significant differences were detected, post-hoc univariate ANCOVAs examined group differences at each time point. Main effects of time were followed up with t-tests. Effect sizes are presented as partial etasquared ( , range = 0 to 1), and interpretations of statistical significance were made if p <.05. 
Results
Verbal learning: HVLT-R
Repeated measures
Attention: Ruff 2 & 7
Repeated measures ANCOVAs revealed that MJ users were less accurate than controls on the 
Verbal working memory: WAIS-III Letter-Number Sequencing
A main effect of group was found for Letter-Number Sequencing scaled score, above and beyond age and SES [F(1,28) = 4.71, p = .039, ] (see Fig. 3 ). MJ users performed worse than controls at the first and second testing sessions, and the post-hoc univariate ANCOVA revealed that this difference was significant at the second session [F(1,28)=8.18, p=.008, ] . No time or group by time interaction effects were seen.
Time estimation
Repeated measures ANCOVAs controlling for age and SES detected no group, time, or group by time interaction effects for time estimation of one minute.
Discussion
This preliminary study examined neuropsychological function among adolescent marijuana users without comorbid psychiatric disorders compared to non-using community control teens at three time points over three weeks of abstinence. Marijuana users performed worse than controls on measures of verbal learning and verbal working memory, above and beyond the effects attributable to age or SES. Specifically, adolescent marijuana users learned fewer words after approximately 3 days of abstinence, but they performed similarly to controls after 2 and 3 weeks without substance use. Marijuana users had poorer verbal working memory at 2 weeks of abstinence but were similar to controls after 3 weeks. Finally, although they had similar attention processing speeds, marijuana users were less accurate than controls on an attention/ vigilance task throughout the 3-week abstinence period. No group differences were found on time estimation. Overall, these results suggest decrements in verbal learning and verbal working memory among marijuana-using youth that may resolve with abstinence, while attention accuracy deficits appear to persist.
To our knowledge, this is the first study of adolescent marijuana users to examine neurocognitive recovery throughout the first three weeks of abstinence. The presence of memory, attention, and working memory deficits among adolescent marijuana users is in concordance with several previous studies of youth (Fried et al., 2005; Harvey et al., 2007; Medina, Hanson et al., 2007; Millsaps et al., 1994; Schwartz et al., 1989; Tapert et al., 2002) . The current findings also concur with animal studies reporting learning and memory deficits in adolescents after protracted cannabis exposure (Cha et al., 2006; Schneider & Koch, 2003; Schneider et al., 2008; Stiglick & Kalant, 1982) , and with human adult reports of attention, memory, and executive deficits (Bolla et al., 2002; Grant et al., 2003; Pope & Yurgelun-Todd, 1996; Solowij et al., 2002) .
Previously, our group reported memory, attention, psychomotor, and sequencing deficits among marijuana-using youth after approximately one month of abstinence (Medina, Hanson et al., 2007) . The previous report included a large comprehensive neuropsychological battery that was summarized with composite scores, while the current study used an abbreviated battery that tested a few key areas of functioning. The complex attention composite score used in Medina, Hanson et al. (2007) mirrors the current measures of first trial verbal word list learning, verbal working memory, and attention accuracy; deficits in complex attention after a month of abstinence were primarily driven by poorer performance among marijuana users on several working memory tasks, including first trial word list learning. The current study found that deficits in verbal learning and working memory improved by 2 or 3 weeks of abstinence. The relatively intact performances after 3 weeks of abstinence here may be due to differences in measure sensitivity and sample size (N =65 in the previous study).
We did not find reduced accuracy of time estimation in this sample of adolescent marijuana users. Further, a recent study of adolescent marijuana users did not find an association between time estimation and cerebellar volumes (Medina et al., 2010) . Although several adult studies have reported deficits in the accurate estimation of time (Chait & Pierri, 1992; Lieving et al., 2006; Perez-Reyes et al., 1991) , these studies were conducted during acute marijuana intoxication, whereas the current study was conducted after several days to weeks of abstinence. It is possible that marijuana's purported effects on time estimation may only occur during intoxication with the drug. Further, previous reports used alternate approaches to measure time estimation. Overall, deficits in time estimation do not appear to persist after acute intoxication, but further research is warranted.
Deficits in learning and working memory are consistent with adult research that marijuana use is associated with hippocampal and prefrontal cortex abnormalities (Block et al., 2002; Eldreth et al., 2004; Gruber & Yurgelun Todd, 2005; Loeber & Yurgelun-Todd, 1999; Lundqvist et al., 2001) . Attention accuracy deficits also implicate dysfunction within attention networks (Eldreth et al., 2004; Gruber & Yurgelun Todd, 2005) . Marijuana use during adolescence may disrupt the normal maturational processes that take place during this period, including pruning of gray matter and myelination of white matter (Benes et al., 1994; Gogtay et al., 2004; Jernigan & Gamst, 2005; Pfefferbaum et al., 1994) , resulting in altered structure and function of the brain (Jacobsen et al., 2007; Medina et al., 2010; Padula et al., 2007; Rubino et al., 2009; Schweinsburg et al., 2008; Schweinsburg et al., 2005; Tapert et al., 2007) . It is also important to emphasize that in some functional imaging studies, marijuana-using youth demonstrated aberrant patterns of activation despite similar performance to non-users (Padula et al., 2007; Schweinsburg et al., 2008; Schweinsburg et al., 2005) , suggesting that even once cognitive deficits are no longer detectable, brain function may remain affected. That is, marijuana users may use alternate strategies or may need to "work harder" to obtain the same result as teens who do not use drugs. More research is needed to determine the nature, extent, and duration of any cognitive or neurological abnormalities related to marijuana use.
The clinical implications of the current findings should also be discussed. The current deficits detected in verbal learning, working memory, and attention were less than one standard deviation worse than controls (small to medium effect sizes) and do not indicate a clinical impairment. However, these marijuana-using high school and college students may have more difficulty learning and processing new information and accurately completing their schoolwork or other tasks, and as a consequence, may not perform to expected levels (Lynskey & Hall, 2000) . Although the grades achieved in school were not statistically different between groups in the current study, our previous larger study indicated that marijuana users had lower grades than non-users (Medina, Hanson et al., 2007) , and they may need to work harder to achieve this grade level . Furthermore, participants may be considered high functioning among the general population of adolescent cannabis users, given their high average estimated intelligence, middle to upper class socioeconomic status, and lack of comorbid psychiatric or medical disorders. Thus, if relatively advantaged young marijuana users manifest some deficits, it is possible that those with fewer protective factors may be more vulnerable to cognitive, academic, and occupational consequences. Finally, as significant deficits were detected after several days to 3 weeks of abstinence, youth with frequent use patterns are likely to manifest similar deficits on an ongoing basis.
Some limitations of this study should be considered. This preliminary study used a brief cognitive assessment at three time points, but additional deficits may have been detected with a more comprehensive battery. Although the groups were generally well-matched, marijuana users were slightly older and had higher parental SES than controls; however, this difference was counter to the direction of our hypotheses. Further, the sample consisted mostly of males, so confirmation of observed effects among female users is needed. As with most studies of substance users, it is difficult to determine whether the deficits reported here were the consequences of marijuana use. For example, attention accuracy deficits may predate substance use, may take longer to recover, or may be due to other substance use. However, the relatively small sample size restricted our ability to examine relationships between cognition and the extent of marijuana or other substance use. Because alcohol was used at relatively high levels among users, we cannot attribute any deficits solely to the effects of marijuana use. Nevertheless, regular marijuana use in the context of moderate to heavy alcohol use may be detrimental to cognitive function in teens.
In summary, this preliminary study found poorer verbal learning and verbal working memory among recent marijuana-using adolescents that improved with continued abstinence, and deficits in attention accuracy that persisted at least through 3 weeks of abstinence. These results implicate possible hippocampal and prefrontal cortex abnormalities, as well as dysfunction within attention networks. Adolescent marijuana users could be unaware of any cognitive difficulties, yet academic, behavioral, and occupational functioning may be negatively affected. Additional research is needed to determine whether marijuana use during adolescence results in alterations to neurological or cognitive functions that persist into adulthood. MJ users performed worse than controls in first trial verbal list learning, but improved with abstinence (group main effect p<.01). Error bars depict standard errors. ***p=.001. MJ users showed poorer attention accuracy relative to non-using controls across the first three weeks of abstinence (group main effect p<.01). Error bars depict standard errors. *p<.05; **p<.01. MJ users performed worse than controls in verbal working memory, but improved with abstinence (group main effect p<.05). Error bars depict standard errors. **p<.01. Table 1 Demographic and substance use information for participants. Addict Behav. Author manuscript; available in PMC 2011 November 1.
